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The asuthors show that the laser bandwudth effects in resonance Muorescence at low utensities can he

treated most readily in terms of smple comolut ans,

and further that thas approach allows one to consrder an

incident ficld with an arbitrary spectral distethution, with or without the presesce of atonue (line-broadenming)

collimons

1. INTRODUCTION

In a recent paper by Knight, Molander, and
Stroud! (KMS) an interesting pedagogical discus-
sion was given of the effeets of laser bandwidth on
atomic resonance fluorescence speetra at low in-
tensities. Assuming a Loremtzian-shaped laser
spectrum (phase-diffusion model™?) they showed
that the finite bandwidth gives rise to an asymine-
try in the scattered spectrum when the incident
ficld is detuned from the atomic resonance. They
offercd a physical explanation for the asymmetry,
first found by Kimvle and Mandel," in terms of a
continuing reinitiation of the transient response of
the atom owing to the fluctuations in the laser field.
While this explanation is most certainly correct,
one point remained unclear, that concerning the
role of the convolution in this problem, which is a
particular case of linear response thcory.

The purpose of this comment is twofold: to show
that the laser bandwidth cffects in resonance fluo-
rescence at low intensities can be treated most

readily in terms of a simple convolution and to
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show further that this approach allows one to con-
sider an incident field with an arbitrary spectral
distribution, with or without the presence of atom-
ic (line-broadening) collisions.

1. EFFECT OF LASER LINE SHAPE

For ease of comparison we will follow KMS and
use, where possible, their notation. We start with
the low-intensity operator Bloch equation for the
positive-frequency dipole operator ¢.,

8u(1) = (1w, = y,)5.(0) = (Gd/ME (1), 1)

where w, is the atomic resonance frequency, y, is
one-half the natural decay width, d is the transi-
tion dipole moment, and £°(/) is the negative-fre-
quency eleetric field operator for the driving field,
which oscillates with frequency w,. The scattered
spectrum g(w,w,) is given in steady state by the
Fourier transform of the dipole autocorrelation
function (7,(¢)5.(t + 7)), which is obtained by for -
mally solving Eq. (1). This yields

glw,w,)= f:dr cxp(iw'ryz—; j:dl' j:" dt” expl(iw, = yx)t =t")]expl (= iwg =y )t +7 —l')]@l}'(l’)é'(l")) : (2)

where w is the frequency of the scattered light.
The angular brackets { ) indicate both a quantum
expeclation value and ancnsemble average over the
statistics of the driving field.
For a monochromatic laser the field-correlation
—

gln(‘l’;@;)

= f' dr cxp(iut)d"E": I‘ dt' fm dt” explliw, = y )t =t ]exp{(-iw, =y ) 47 = 1")]expliw, (" =t")].

e

This result can be evaluated to give

n o G
0w -w,), (5
N

I-’x;(w.wl,) =i—(w,, - wL)“"'z Ty 3

which shows that only elastic scatiering occurs
for an isolated atom suffering no collisions.

DTIC

et e d

/] 2

R ¥
JRIEL SRR P s
B

b
4

FEB1 1 1982 7

H

r
function is

CETUE (")) = | Eq|? expliw, ' =1")], 3)

giving for the narrow-band spectrum g, ,(w,w,)

“4)

-
KMS treat the broad-band laser by assuming the
phase-diffusion model®? for the field

CE () E ("))

=| B |2 expliw (1" = t")exp(=y, [t' =1"]), (6)

2238 © 1979 The American Physical Society
8 202 10 018
107 0 <L



20 RESONANCL PLUORIESCENCE
where 3, is one-half the Liser bandwidth, Using
this in Eq. (2) leads directly to the main result of
KMS':

2y, 72

(W s):._..-—...—v...A-__.—.,.‘\
A( Wy (A.‘().\--).,“.\.'()\'1)["

(32bem el rbizd)
(w - ‘.L‘L)_' + )i

AW ) -0 - )J:)) . M

(w=wy) +34

where the detuning is & =w, ~ @, and the Rabi fre-
quency is Q =21 E L. This spectrum clearly
shows (wo maxima: elastic scattering centered at
w, and fluorescence centered at w,. However, it
also seems to contain interesting interference
structure, c.g., (@ -w,) in the numerator. It is
stated by KMS that “the spectrum |g(w,w,)] is »ot
the narrow-band response convolved with the spec-
tral line shape of the incident ficld” (Lorentzian in
this case). This statement is certainly correct for
intense, saturating incident fields. However, we
will show here that g(w,w,) in Eq. (7), valid for
low ficlds, is obtainable by a simple convolution.
This is as expected in linear response theory.

We will solve the problem in a different, more
revealing, way. The power spectrum P’,(w; ) of
the incident field is generally given by®

Pylws) =§l; f dr expliw)r) EOEE+TN,  ®

and the inverse can be written as
CEEOVEEN = [ dejexpliey ¢’ ~)P (0]). ©)

Inserting this form for the correlation function
into Eq. (2) for the spectrum g(w,w,), and com-
paring the resulting equation with the narrow-band
speetrum g, 5(w,w,) in Eq. (4), it becomes appar-
ent that the spectrum g(w,w,;) can be written as

gle,0) = 1E1* [ dojguplo,0plye)). (10)

This is the main result of this paper and shows
that, for an arbitrary laser spectrum P’ (w;), the
scattered spectrum g(w,w,), at low intensity, is
given by the narrow-band scattered spectrum
Eyplw,w,) convolved with the laser spectrum. Us-
ing the S-function form of g, (w,w,) from Eq. (5)
in Eq. (10) results in

=g 12T @
el G
which shows that the scattered light reiains a dis-
tort« d version of the incident light spectrum
P (w)).
For the special case of the phase-diffusion mod-
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cl, used by KME and deseribed in Bq. (6), the la-
ser spectrom beeames [by inserting Eq. (8) into
Eq. ()

¥, /n

Pyw)) = 1B, (12)

() =w )Ny,
a Loventzian, as stated earlicr. This then gives,
from Eq. (11), the scattered spectrum as

oo v/
2w =w) ] lw=w,) ]

a result which is simple in form, but in fact (after
some algebra) is identical to the more complex-
looking expression given by KMS in Eq. (7). This
shows that the secattered spectrum is the product
of two Lorentzians, one peaked at the luser fre-
quency w, and the other at the atomic resonance
frequency w,.

glw,w,) = (13)

1. COMMENTS

We have shown [Eq. (10)] that, for low-intensity
resonance fluorescence in the absence of colli-
sions, the scattered spectrum is given by that de-
rived by assuming a monochromatic driving laser
convolved with the spectrum of the actual driving
laser. This result holds for arbitrary laser line
shapes and, in particular, for the Lorentzian line
shape derived from the phase-ditfusion model*?
and used by KMS. The convolution is no longer
valid when an intense, saturating driving laser is
considered, as the response of the atom is then
nonlinear.' The conclusion of KMS, that the in-
clastic component of the scattered light (centered
on w,) is due to the continuing reinitiation of the
transient response of the atom by fluctuations in
the driving ficld, is strengthened by the present
result. The conclusion holds regardless of the
form of the power spectrum of the fluctuations.

As a further demonstration of the generality of
the convolution result, we consider the effects of
atomic line-broadening collisions on the scattered
specirum. These include dephasing (or clastic)
collisions and quenching collisions, as well as
alignment- and orientation-changing collisions.
The effect of collisions has been studied in detail
for the case of a low-intensity monochromatic
driving field.””® In particular, it is known that col-
lisions redistribute the frequency of the scattered
light and thus Eq. (5), for the scattered spectrum,
is not appropriate in this case. However, denoting
the appropriate narrow-band scattered spectrum'’
by Gyyulw,w,), the scattered spectrum G(w,w,) for
broad-band excitation can be shown still to be 3
simple convolution

Glw,w)) = 1Eg1™ [ 4o} Gyplo,0 ), (0]), (14)
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where again £, () 15 the Gurbiteary) spectran of
the low-intensaty deiving field, This resalt can be
verified by inspeeting Fas, (4) and (D) of Ref, 7,
which give the seatlered speetrum Ggpla, w, ) as
an intepral over several terms including the Tactor

LE T iddexpl = dw (0 = 1)),
where 7, is the intensity of the incident laser with
polarization vector € and & is the atomic dipole

operator. For an arbitrary driving ficld spectrum
this factor should be replaced by

CES () NE, 1) TN,
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whoere I.",(I) is the electrie ficld of the laser, and
the ficld averape has been performed, This feld-
correlation function is analogous to the one ap-
pearing in the integrand in Fq. (2) {or glw,w,),
where collisions werce ignored. ‘Thus the deriva-
tion of G (w,w,) in Eq. (14) follows identically to
that of g(w,w,) in kq. (10), The convolution re-
sl Eq. (14) for the seattered spectrum Glw, w,)
holds for arbitrary collisional line shapes, both
inside and outside the impact region.
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